Introduction
============

Pituitary adenomas (PAs) are the third most common cranial tumors after meningioma and glioma, accounting for 10--15% of all cranial tumors ([@b1-ol-0-0-7431]). The major challenges of PAs are due to a lack of diagnostic markers and a poor response to available therapies ([@b1-ol-0-0-7431],[@b2-ol-0-0-7431]). A number of genetic syndromes are known to be associated with the development of PAs ([@b3-ol-0-0-7431]). However, the molecular mechanism of PA tumorigenesis and progression remains poorly understood.

MicroRNAs (miRNAs) are a class of 17--27 nucleotides single-stranded small non-coding RNAs. Accumulating studies have demonstrated that miRNAs can regulate gene expression by binding to target mRNAs at the 3′ untranslated region (3′UTR) region and inhibit gene translation ([@b4-ol-0-0-7431],[@b5-ol-0-0-7431]). MiRNAs, as intrinsic regulators, are known to be involved in various cellular processes, including cell proliferation, differentiation, invasion and apoptosis ([@b6-ol-0-0-7431]). Accumulating studies revealed that miRNAs function as oncogenes or tumor suppressors. MiRNAs are dysregulated in various types of cancer and are associated with the development and progression of various types of cancer, including breast cancer, colorectal carcinoma, colorectal cancer and ovarian cancer ([@b7-ol-0-0-7431]--[@b10-ol-0-0-7431]). Previously, dysregulated miRNAs were also reported in pituitary tumors ([@b1-ol-0-0-7431],[@b11-ol-0-0-7431]). Trivellin *et al* ([@b12-ol-0-0-7431]) demonstrated that miR-107, as a tumor suppressor, is overexpressed in pituitary adenomas. Bottoni *et al* ([@b13-ol-0-0-7431]) revealed the downregulation of miR-15a and miR-16-1 in PA tissues. MiR-200c was overexpressed in PA tissues and inhibits cell apoptosis by targeting the phosphatase and tensin homolog/Akt signaling pathway ([@b2-ol-0-0-7431]). Liang *et al* ([@b14-ol-0-0-7431]) observed that miR-31 was downregulated in pituitary adenomas tissues. However, the expression and mechanism of miR-378 in PAs remains to be elucidated.

The atypical E3 ubiquitin ligase RNF31 is a RING finger protein, also termed HOIL-1 interacting protein ([@b15-ol-0-0-7431],[@b16-ol-0-0-7431]), belonging to the RING-between ring-RING (RBR) protein family of E3 ubiquitin ligases. RNF31 was initially cloned from breast cancer cells based on its increased mRNA expression and constitute a valuable diagnostic tool and/or a drug target for ERα-positive breast cancer ([@b17-ol-0-0-7431]). Previously, several studies demonstrated that RNF31 is involved in tumorigenesis in breast ([@b18-ol-0-0-7431]) and prostate cancer ([@b19-ol-0-0-7431]) and adrenocortical carcinoma ([@b20-ol-0-0-7431]). However, the role of RNF31 in PAs remains unclear.

In the present study, the biological function and molecular mechanisms of miR-378 in regulating proliferation and migration of GH3 cells were investigated, and the underlying mechanism was elucidated, indicating miR-378 as a potential novel diagnostic or therapeutic target for PA.

Materials and methods
=====================

### Tissue samples

A total of 25 tumor and adjacent non-tumor tissues samples were collected from patients (39--65 years old, with a mean age of 51 years old, including 11 men and 14 women) who had undergone surgical treatment in Shandong Provincial Hospital Affiliated to Shandong University (Shandong, China) between January 2013 and May 2015. None of the patients had received chemotherapy or radiotherapy prior to surgery. The present study was approved by the Ethics Committee of Shandong University, and written informed consent was obtained from each patient. Tissue fragments were immediately frozen in liquid nitrogen under ribonuclease-free conditions at the time of surgery and stored at −80°C.

### Cell culture and transfection

The rat pituitary GH3 cell line was purchased from the Cell Resource Center of Shanghai Institutes for Biological Sciences (Shanghai, China) and cultured in Dulbecco\'s modified Eagle\'s medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) supplemented with 10% fetal bovine serum (Biosera Ltd., Ringmer, UK), penicillin (100 IU/ml) and streptomycin (100 mg/ml) (Sigma-Aldrich; Merck KGaA) in a humidified atmosphere at 37°C with 5% CO~2~.

GH3 cells (1×10^6^) were seeded on 6-well plates and then transfected with 50 nM miR-378 mimics or inhibitors or mimics-control or inhibitor-control (GenePharma, Co., Ltd., Shanghai, China) using Lipofectamine^®^ RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) as previously described ([@b21-ol-0-0-7431]).

### Cell proliferation analysis

GH3 cells (3×10^5^) were seeded on 96-well microplates at 24 h post-transfection. Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was then used to detect cell proliferative ability at 0, 24, 48 and 72 h according to the manufacturer\'s instructions.

### Cell migration assay

The wound healing assay was used to detect cell migratory capability according to a previous study ([@b22-ol-0-0-7431]).

### Western blot analysis

Total protein was collected using cell lysis reagent (Sigma-Aldrich; Merck KGaA) and then 20 µg protein was loaded per lane and separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (BD Bioscience, Franklin Lakes, NJ, USA). Subsequent to blocking with 5% bovine serum albumin (Gibco; Thermo Fisher Scientific, Inc.) at room temperature for 1 h, PVDF membranes were incubated with the primary antibodies anti-GAPDH (1:1,000; catalog no. ab8425) and anti-RNF31 (1:1,000; catalog no. ab46322) from Abcam (Cambridge, UK) at 4°C overnight. Subsequently, the membranes were incubated with horseradish peroxidase goat anti-rabbit secondary antibody (catalog no. BS10000; 1:2,500; Bioworld Technology, Inc., St. Louis Park, MN, USA) at room temperature for 1 h. The protein signals were detected by ECL detection systems (SuperSignal West Femto; Pierce; Thermo Fisher Scientific, Inc.).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

RNA was extracted using TRIzol solution (Sigma-Aldrich; Merck KGaA), and the first strand of cDNA was synthesized from 1 µg RNA by RT using the PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) and the RT Primer mix was added at 37°C for 15 min, followed by 85°C for 5 sec. The expression of miRNA was detected by RT-qPCR analysis using the SYBR-Green detection system (Roche Applied Science, Penzberg, Germany) ([@b18-ol-0-0-7431]). Primer sequences for qPCR are as follows: miR-378 forward, 5′-AGGCAAGATGCTGGCATAGCT-3′. U6 was used as a control to normalize the expression level of miRNAs. The forward primer sequence of U6 is as follows: 5′-GCGAGCACAGAATTAATACGAC-3′. The sequences of additional primers used are as follows: RNF31 forward, 5′-ACCCCCTATTGAGAGAGATTGCT-3′ and reverse, 5′-TGGAGCCTGGGACAGAGG-3′; and GAPDH forward, 5′-TGTGGGCATCAATGGATTTGG-3′ and reverse, 5′-ACACCATGTATTCCGGGTCAAT-3′. GAPDH was used as a control to normalize the expression level of mRNA.

### Dual luciferase reporter assay

MiRNA target prediction website ([www.microRNA.org](www.microRNA.org)) was used to predict the target gene of miR-378. The RNF31-3′ untranslated region (3′UTR) containing the putative miR-378 target sites was amplified by PCR from the genomic DNA of a healthy control donor and cloned into the pGL3 Basic dual Luciferase reporter plasmid as described previously ([@b23-ol-0-0-7431]). The cells were co-transfected with either pGL3-WT-RNF31-3′-UTR (wild-type) or pGL3-Mut-RNF31-3′-UTR (mutant) vector (0.8 µg) and the miR-378 mimic (50 nM) with Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) and then detected luciferase activities by Dual-Luciferase Reporter Assay system (Promega Corporation, Madison, WI, USA) after 48 h.

### Statistical analysis

Data are presented as the mean ± standard deviation. The differences were analyzed using Student\'s *t*-test or one-way analysis of variance followed by Tukey multiple comparison post-hoc analysis. All the analyses were performed using SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-378 expression in prostate cancer

The levels of miR-378 expression were first analyzed in human PA tissues and adjacent normal tissues using qPCR assay ([Fig. 1](#f1-ol-0-0-7431){ref-type="fig"}). Consistent with a previous study ([@b14-ol-0-0-7431]), the results revealed that miR-378 expression was significantly downregulated in PA tissues compared with the adjacent normal tissues (P\<0.01). The results indicated that downregulated miR-378 may be involved in the tumorigenesis of PA.

### Effect of miR-378 on proliferation of GH3 cells

To understand the role of miRNA downregulation in pituitary tumorigenesis, the effects of miR-378 on cell proliferation were analyzed. Rat pituitary GH3 cells were transfected with miR-378 mimics and miR-378 inhibitors. The proliferative ability of GH3 cells was detected by Cell Counting Kit-8. As presented in [Fig. 2](#f2-ol-0-0-7431){ref-type="fig"}, overexpression of miR-378 was able to significantly inhibit the proliferative ability of GH3 cells compared with the control.

### miR-378 inhibits migration of GH3 cells

The effects of miR-378 on cell migration were subsequently detected in GH3 cells. As presented in [Fig. 3](#f3-ol-0-0-7431){ref-type="fig"}, transfection with miR-378 mimics was able to repress migration of GH3 cells, indicating that miR-378 may contribute to the inhibition of PA metastasis.

### RNF31 is overexpressed in PA tissues and directly regulated by miR-378

In the present study, the expression levels of RNF31 in human PA tissues and adjacent normal tissues were analyzed by qPCR. As presented in [Fig. 4A](#f4-ol-0-0-7431){ref-type="fig"}, the levels of RNF31 expression were significantly increased in PA tissues compared with the adjacent normal tissues (P\<0.01), indicating that the upregulation of RNF31 may be involved in human PA carcinogenesis.

miRNA target prediction websites [www.microRNA.org](www.microRNA.org) were used, and it was revealed that miR-378 was able to bind to the 3′UTR of RNF31 mRNA ([Fig. 4B](#f4-ol-0-0-7431){ref-type="fig"}). To confirm that RNF31 is a target of miR-378, a dual-luciferase reporter assay was used. As presented in [Fig. 4B](#f4-ol-0-0-7431){ref-type="fig"}, transfection with miR-378 mimic was able to significantly inhibit luciferase activity of the wild-type RNF31 3′UTR, whereas the luciferase activity of mutated target sites were unaffected, indicating that RNF31 is a direct target gene of miR-378.

The effect of miR-378 transfection on endogenous RNF31 mRNA and protein expression was subsequently evaluated in GH3 cells by western blot analysis and RT-qPCR. As presented in [Fig. 4C and D](#f4-ol-0-0-7431){ref-type="fig"}, the expression of RNF31 mRNA and protein was markedly downregulated by miR-378 mimics compared with the control. Collectively, the present results demonstrated that miR-378 was able to downregulate the expression of RNF31 in GH3 cells.

### Knockdown of RNF31 mimics miR-378 inhibition

To investigate the role of RNF31 in miR-378-mediated tumor suppression, siRNAs-RNF3 was used to silence RNF3 expression in GH3 cells. Western blot analysis revealed that transfection with siRNAs-RNF31 was able to downregulate the expression of RNF31 at the protein level ([Fig. 5A](#f5-ol-0-0-7431){ref-type="fig"}). In addition, transfection with siRNA-RNF31 was able to significantly reduce the proliferative and migratory abilities of the cells ([Fig. 5B and C](#f5-ol-0-0-7431){ref-type="fig"}), which was similar to the effects of the miR-378 mimics.

Discussion
==========

Dysregulated miRNAs are often involved in the tumorigenesis and progression of various types of cancer. However, their potential roles in PAs remain to be elucidated. In the present study, the expression of miR-378 was analyzed in PA. It was revealed that miR-378 expression was downregulated in PA tissues compared with adjacent normal tissues. The effect of miR-378 on the downregulation of proliferation and migration of GH3 cells was also identified. In addition, RNF31 was identified as a direct target of miR-378 and is involved in miR-378-mediated proliferation and migration of GH3 cells.

MiR-378, as a tumor suppressor or oncogene, has been reported to be potentially important in the progression of cancer. Previous studies have confirmed that miR-378 was downregulated in patients with prostate cancer, and the downregulation of miR-378 was associated with higher Gleason score, tumors with a larger diameter (P=0.034) and elevated serum prostate-specific antigen levels ([@b24-ol-0-0-7431]). It has also been reported that miR-378 is able to suppress cell proliferation through downregulation of mitogen-activated protein kinase 1 (MAPK1) in prostate cancer ([@b25-ol-0-0-7431],[@b26-ol-0-0-7431]). MiR-378 was also reported to inhibit progression of human gastric cancer by targeting MAPK1 ([@b27-ol-0-0-7431]). In addition, miR-378 was reported as an oncogene and promotes the migration of liver cancer cells ([@b28-ol-0-0-7431]). Taken together, these findings indicate that the role of miR-378 in human malignancies may be multifaceted, depending on the specific tissues involved. In the present study, it was revealed that miR-378 expression was downregulated in PA tissues and transfection with miR-378 mimics was able to suppress cell proliferation and migration in GH3 cells, indicating the potential role of miR-378 as a tumor suppressor in PA.

RNF31 (also known as HOIP and ZIBRA), which belongs to the RBR protein family of E3 ubiquitin ligases, was initially cloned from breast cancer cells based on its elevated mRNA expression and shown to exhibit higher expression in breast tumors compared with adjacent tissues ([@b17-ol-0-0-7431]). RNF31 and other RING finger protein family members have been demonstrated to be able to modify the levels of p53 protein and p53 signaling ([@b18-ol-0-0-7431],[@b29-ol-0-0-7431],[@b30-ol-0-0-7431]). RNF31 was also reported to stabilize estrogen receptor-α and modulate estrogen-stimulated breast cancer cell proliferation ([@b31-ol-0-0-7431]). miR-31 reduces growth of papillary thyroid carcinoma cells by targeting RNA-binding protein human antigen R ([@b32-ol-0-0-7431]). Ehrlund *et al* ([@b20-ol-0-0-7431]) demonstrated that RNF31 was associated with cholesterol metabolism and steroid hormone synthesis, strengthening its function as a co-regulator of splicing factor 1. In the present study, it was demonstrated that RNF31 expression was regulated by miR-378 in PA, using the luciferase reporter assay. Transfection with siRNA-RNF31 in GH3 cells was able to reduce proliferation and migration compared with the control, similar to the phenotype exhibited upon restoration of miR-378 expression.

In conclusion, a regulatory mechanism of miR-378 in proliferation and migration of GH3 cells and a downstream target, RNF31, was identified, providing an insight into the role of miR-378 in carcinogenesis and metastasis of PA. These findings may provide possible therapeutic targets for the treatment of metastatic PA.
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![RNF31 was overexpressed in PA tissues and regulated directly by miR-378. (A) Reverse transcription-quantitative polymerase chain reaction assay of RNF31 expression in PA tissues. The mean level of RNF31 expression in PA tissues (n=25) was significantly higher compared with expression in corresponding adjacent normal tissues (n=25). Data are presented as the mean ± standard deviation from three independent experiments. \*P\<0.01 vs. normal tissues. (B) Sequence alignment of miR-378 and 3′ untranslated region of RNF31 using [mirco-RNA.org](mirco-RNA.org) and Luciferase reporter assay. Effects of miR-378 mimics and miR-378 inhibitors on the expression levels of RNF31 (C) mRNA and (D) protein. Data are presented as the mean ± SD from three independent experiments. \*P\<0.01 vs. control group. SD, standard deviation; PA, pituitary adenoma; miR, microRNA; RNF31, ring finger protein 31; WT, mutated; WT, wild-type.](ol-15-01-0789-g03){#f4-ol-0-0-7431}
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